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-We aimed to determine whether sex differences in humans extend to the dynamic response of the left ventricular (LV) chamber to changes in heart rate (HR). Several observations suggest sex influences LV structure and function in health; moreover, this physiology is also affected in a sex-specific manner by aging. Eight postmenopausal women and eight similarly aged men underwent a cardiac catheterization-based study for forceinterval relationships of the LV. HR was controlled by right atrial (RA) pacing, and LV ϩdP/dtmax and volume were assessed by micromanometer-tipped catheter and Doppler echocardiography, respectively. Analysis of approximated LV pressure-volume relationships was performed using a time-varying model of elastance. External stroke work was also calculated. The relationship between HR and LV ϩdP/dtmax was expressed as LV ϩdP/dtmax ϭ b ϩ mHR. The slope (m) of the relationship was steeper in women compared with men (11.8 Ϯ 4.0 vs. 6.1 Ϯ 4.1 mmHg·s Ϫ1 ·beats Ϫ1 ·min Ϫ1 , P ϭ 0.01). The greater increase in contractility in women was reproducibly observed after normalizing LV ϩdP/dtmax to LV end-diastolic volume (LVVed) or by measuring end-systolic elastance. LVVed and stroke volume decreased more in women. Thus, despite greater increases in contractility, HR was associated with a lesser rise in cardiac output and a steeper fall in external stroke work in women. Compared with men, women exhibit greater inotropic responses to incremental RA pacing, which occurs at the same time as a steeper decline in external stroke work. In older adults, we observed sexual dimorphism in determinants of LV mechanical performance. men; women; left ventricle; contractility THE PREVALENCE , presentation, management, and outcomes of the broad spectrum of cardiovascular disease appear to be influenced by whether the patient is male or female. The extent to which sexual dimorphism in cardiac and circulatory physiology contributes to clinical sex differences remains incompletely understood. Several observations suggest sex influences left ventricular (LV) structure and function in health; moreover, this physiology is also affected in a sex-specific manner by aging. Understanding these differences may yield insight into sex differences observed among patients with abnormal LV chamber function and resultant heart failure syndromes.
Sex differences in determinants of LV performance may be observed at several levels. There is evidence from nonhuman experiments for sex differences in excitation-contraction coupling (3, 8, 21) , which may translate to differences in systolic and diastolic function. Our laboratory (18) and others (4, 6, 12) have demonstrated that LV systolic function and LV filling pressures differ at rest between adult men and women. Sex differences in LV performance during loading manipulations have also been demonstrated in young healthy subjects (6) . In humans, the LV contractile response to changing stimulation frequency or heart rate (HR) may serve as a quantitative in vivo index of excitation-contraction coupling, known as the forcefrequency relationship (FFR) (5, 10, 11, 16) . It is also well understood that changing HR will alter LV loading conditions. We tested the hypothesis that responses in LV performance to increases in HR by right atrial (RA) pacing will differ between men and women. We studied postmenopausal women and similarly aged men, an age range relevant to the onset of cardiovascular disease.
METHODS

Study participants.
Men and women referred from outpatient clinics for elective cardiac catheterization and the assessment of a chronic chest pain syndrome were recruited. Inclusion criteria included normal LV systolic function (LVEF Ͼ55%) and absence of valvular heart disease demonstrated by standard two-dimensional (2D) echocardiography. LV mass was also recorded (13) . All patients underwent noninvasive risk stratification with exercise stress imaging studies and were excluded if low-threshold ischemia (Ͻ5 metabolic equivalents) or large perfusion defects were identified. All patients were in normal sinus rhythm, and specific exclusions included a QRS duration Ͼ110 ms, evidence of atrioventricular block, or the presence of a permanent pacemaker. Also excluded were patients with uncontrolled hypertension, acute coronary syndromes, or revascularization procedures within the previous 6 mo, as were patients taking hormone replacement therapies or supplements, including estrogens, estrogen receptor modulators, androgens, testosterones, or anabolic steroids. Finally, patients with any history, signs, or symptoms of heart failure despite preserved LV systolic function and patients with a LV end-diastolic pressure (LVEDP) Ͼ15 mmHg at the time of catheterization were also excluded from this study. All patients gave written informed consent, and the study was approved by the Research Ethics Board at the Mount Sinai Hospital. Before catheterization, venous blood was sampled for measurements of hemoglobin, estimated glomerular filtration rate, and serum cholesterol. Serum samples were obtained to assay sex steroid hormones, including estrogen, progesterone, and testosterone, by high-performance liquid chromatography. Patients were minimally sedated, and all medications were withheld on the morning of the procedure (18) . Pharmacological agents known to inhibit atrioventricular conduction such as adrenergic antagonists were withheld 48 h before the study day.
Cardiac catheterization and instrumentation. Diagnostic cardiac catheterization from the femoral approach and subsequent study procedures were performed at the Cardiac Catheterization Research Laboratory at the Mount Sinai Hospital. Significant coronary obstruction was defined as a stenosis compromising the luminal diameter by Ͼ50%. To control HR, a 6-Fr bipolar pacing catheter was advanced to the high right atrium from the right femoral vein under fluoroscopic guidance. The pacemaker catheter was aligned with a programmable stimulator (Prucka GE CardioLab). A 7-Fr micromanometer-tipped catheter (Mikro-tip Catheter; Millar Industries) was then advanced from the femoral artery to the LV. Femoral artery pressure was acquired continuously from the sidearm of the sheath. The LV pressure and the first derivative of LV pressure were continuously displayed and acquired (1,000 Hz) on line, allowing serial sampling of LV ϩdP/dt max. A rest period was allotted after instrumentation before initiating the research pacing protocols.
Force frequency pacing protocol 1: Measurement of isovolumic contractility. Before initiating RA pacing, control measurements were recorded after three serial sampling intervals demonstrated LV ϩdP/ dt max values within 5%. RA pacing was then initiated at least 5-14 beats/min above the intrinsic rate to a multiple of 10 beats/min. Thereafter, HR was increased by increments of 10 beats/min every 3 min to a maximum of 120 beats/min or until Mobitz type 1 or 2:1 arteriovenous (AV) block occurred. If AV conduction fell below 1:1, the pacing was reduced by increments of 5 beats/min until 1:1 conduction returned.
Analysis of the LV pressure waveform was performed off-line using customized software (Labview 8.5; National Instruments) by a research assistant blinded to the characteristics of the patient and purpose of the study. For each HR condition, 50 consecutive beats from the start of the 2nd min of RA pacing were selected. If the preceding RR interval was not within 2% of the planned pacing cycle length, the specific beat and the subsequent five beats were discarded. Per beat, LV ϩdP/dt max, LV ϪdP/dtmin, peak LV systolic pressure (LVSP), and LVEDP were measured as previously reported (18) . The time constant of isovolumic relaxation (tau) was calculated in two ways: the monoexponential method using a nonzero asymptote (28) and by the pressure half-time method (17) . Systolic, diastolic, and mean (MAP) arterial pressures were also recorded. Reported values represent the mean of these 50 cardiac cycles. For each patient, the linear relationship between HR and LV ϩdP/dt max was described, such that LV ϩdP/dtmax ϭ b ϩ mHR, where m represents the slope (mmHg·s Ϫ1 ·beats Ϫ1 ·min Ϫ1 ). The intercept b occurs at a HR of 0 beats/min, an irrelevant value in vivo; as such, the intercept of LV ϩdP/dtmax at 60 beats/min (LV ϩdp/dt60), calculated as b ϩ m(60), was also reported.
Force frequency pacing protocol 2: Measurements of single beat elastance. LV ϩdP/dt max is a reproducible and precise measure that is applicable to rapid, repeated acquisition. However, LV ϩdP/dtmax is sensitive to changes in loading conditions and may be affected by potentially more pronounced HR-dependent decreases in LV filling in women. In a second pacing protocol, we attempted to account for loading changes by normalizing LV ϩdP/dt max to LVVed. We also assessed the FFR using end-systolic elastance (Ees), estimated by analysis of the approximated time-varying elastance suggested by Shishido et al. (26) .
The second pacing protocol was initiated after recontrol was established (when LV ϩdP/dt max sampling was within 10% of the original baseline). 2D echocardiographic images and Doppler acquisition were performed [GE Vivid 7 Imaging System, M4S Matrix Sector Array Probe (2-5 MHz); GE Healthcare] by a research echocardiography technician. The chronometers for both the imaging system and the hemodynamic recording system were synchronized to ensure that offline analysis of LV pressure was simultaneous with the time-stamped echocardiographic image frames.
Before initiating the FFR pacing protocol, the LV outflow tract (LVOT) dimension allowing calculation of its cross-sectional area (CSA) was calculated as (LVOT/2) 2 ϫ 3.14. Pulsed-wave Doppler aortic flow spectrum was obtained in the apical five-chamber view, and transducer placement was marked on the chest wall for repeated acquisition. Three RA pacing conditions were acquired at 80, 100, and 120 beats/min (cycle length 750, 600, and 500 ms). Within the first 2 Values are means Ϯ SD. RA, right atrial; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MAP, mean arterial pressure; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; LV ϩdP/dtmax, LV peak positive dP/dt; M, monoexponential method using a nonzero asymptote; 1/2, pressure half-time method.
min of steady-state pacing at each HR condition, standard grayscale 2D images were acquired in the apical four-chamber view at 70 -120 frames/s, with higher frame rates at higher HR, achieved by optimizing the sector length and width to the region of interest. The images were stored in cineloop format for subsequent off-line analysis. Pulsed-wave Doppler flow across the LVOT was then reestablished and acquired simultaneously with the LV pressure waveform over five consecutive beats between the 2nd and 5th min of the pacing stage. No pacing stage exceeded 5 min.
Analysis of imaging data was performed on an off-line EchoPac workstation (GE Healthcare). From the stored 2D images, LVVed and LV end-systolic volume (LVVes) were measured using standard echocardiographic techniques. Doppler echocardiographic flow velocity spectra yielded measurement of the time-velocity integral (TVI). Stroke volume (SV) was calculated as the product of CSA and TVI. Ejection fraction (EF) was calculated as SV/LVVed. Cardiac output (CO) was calculated at SV ϫ HR. Total peripheral resistance (TPR) was calculated as MAP/CO.
Shishido et al. (26) suggested that time-varying elastance of the LV can be estimated as a bilinear relationship reflecting the change from the isovolumic to the ejection phase. The method has been applied to human study as well (1) . The ratio between these two slopes can be estimated from the relationship between duration of isovolumic contraction and the ejection period. Per cardiac cycle, three timed intervals within the LV pressure waveform were determined based on the following definitions: 1) early isovolumic contraction, t ec: point at which ϩdP/dt reached 30% of ϩdP/dtmax, 2) transition from isovolumic contraction to ejection, tej: point at which ϩdP/dtmax occurred, and 3) end-systole tes: point at which ϪdP/dt exceeded 20% of ϪdP/dtmin. The corresponding LV pressure at these time points (Pec, Pej, and Pes, respectively) was used as surrogates of elastance at these phases.
Using these three timed points, the bilinear, time-varying elastance can be expressed as:
where PEP is the preejection period (tej Ϫ tec) and ET is the ejection time (tes Ϫ tej). Combining this equation with knowledge of the pressure-volume relationship:
␣ is strongly correlated to both EF and PEP/(PEP ϩ ET). The empiric estimation can be derived as:
Statistics analysis. Data are presented as means and standard deviations. Comparisons between men and women were made using unpaired Student's t-tests for continuous variables or Chi square analysis for categorical variables (Statview 5.0). A two-way ANOVA for repeated measures was employed to compare hemodynamic and LV function responses with HR stage as one factor and sex as the second factor. Because resting HR may differ between men and women, changes in hemodynamics and LV function between men and women were analyzed in relation to incremental changes in HR above resting. To examine the effect of sex-based morphometric differences between men and women, the relationship between HR and LV function was analyzed by ANCOVA with morphometric parameters such as body mass index (BMI) as the covariate. The relationship between LV ϩdP/dt max and indexes of isovolumic relaxation was examined using simple linear regression. A P value of Ͻ0.05 was considered significant.
RESULTS
Patients.
Sixteen patients completed the study, 8 women (60 Ϯ 10 yr) and 8 men (59 Ϯ 4 yr). Morphometrically, women were shorter, and three were obese. All women were peri-or Values are means Ϯ SD. *P Ͻ 0.01, effect of heart rate and †P Ͻ 0.05, interaction of sex and heart rate, 2-way repeated-measures ANOVA. For abbreviations, see Table 2 .
postmenopausal, and seven had serum estradiol levels below the limit of detection of Ͻ50 pmol/l. Other baseline characteristics, including hemoglobin, renal function, and serum testosterone levels, are detailed in Table 1 as are the prevalence of diabetes, a history of hypertension, and serum cholesterol level. One woman and two men had a history of coronary artery disease. The single woman and one man with a history of coronary artery disease had both previously undergone percutaneous coronary intervention and stenting of single vessel disease involving the right coronary artery over one year before the current procedure. The other man with a history of coronary artery disease had chronic occlusion of the right coronary artery with preserved distal vessel perfusion by collateral flow. Coronary angiography confirmed patent epicardial coronary vessels in all other patients.
Characteristics of the LV pressure waveform at rest. At rest and at a standard HR of 80 beats/min (Table 2) , there were no significant differences in hemodynamic measurements.
Frequency-dependent effects on the LV pressure waveform. All patients achieved at least four RA paced conditions above their resting HR (Table 3) . Increases in HR were associated with decreasing LVEDP, whereas diastolic and MAP increased. There was no significant change in systolic arterial pressure. LVSP decreased at the highest increments of RA pacing.
As expected, there was a linear relationship between paced HR and LV ϩdP/dt max . For all patients, the FFR was described as the linear regression equation LV ϩdP/dt max ϭ b ϩ mHR. The intercept (b), LV ϩdP/dt max at theoretical HR 0 beats/min, tended to be lower in women compared with men (660 Ϯ 180 vs. 920 Ϯ 327 mmHg/s, respectively, P ϭ 0.07), whereas predicted LV ϩdP/dt max at HR 60 beats/min was not statistically different between women and men (1,367 Ϯ 143 vs. 1,286 Ϯ 293 mmHg/s, P ϭ 0.49) and close to resting values. However, the slope of the FFR as assessed by LV ϩdP/dt max was significantly steeper in women compared with men (11.8 Ϯ 4.0 vs. 6.1 Ϯ 4.1 mmHg·s Ϫ1 ·beats Ϫ1 ·min Ϫ1 , P ϭ 0.01). Similarly, two-way ANOVA demonstrated a significant interaction between sex and increases in LV ϩdP/dt max with a steeper HR-related rise in contractility in women, and remained significant when BMI was taken into account (Fig. 1) .
The effect of RA pacing on early diastolic relaxation as assessed by tau was also different between the women and men in this cohort. Significant frequency-dependent shortening of tau, calculated by two separate methods, was observed in men, whereas no significant change was observed in women. Simi- Fig. 1 . The force-frequency relationship in women and men. Two indexes of contractility, left ventricular peak positive dP/dt (LV ϩdP/dtmax) and end-systolic elastance (Ees), increase with incremental increases in heart rate by right atrial pacing (bottom). Top: individual data for men and women. Three of the women were obese. The slope of the increase in LV ϩdP/dtmax is steeper in women (11.8 Ϯ 4.0 vs. 6.1 Ϯ 4.1 mmHg·s Ϫ1 ·beats Ϫ1 ·min Ϫ1 , P ϭ 0.01). BMI, body mass index; bpm, beats/min; RA, right atrial. larly, LV ϪdP/dt min also responded to HR differently in men and women. Despite the augmented increase in LV ϩdP/dt max with HR in both groups, an increase in magnitude of LV ϪdP/dt min was not observed in women. We further examined the relationship between contractility and isovolumic relaxation across different HRs (Fig. 2) . In men, the expected inverse linear relationship between LV ϩdP/dt max and tau was observed. In women, a similar relationship was not present, further demonstrating that the behavior of lusitropic indexes with increasing HR was different from the men in this study.
Frequency-dependent effects on analysis of LV pressure and Doppler-echocardiographic assessment of the LV chamber.
Before the second FFR pacing protocol, recontrol measurements demonstrated LV ϩdP/dt max had returned to baseline. Data were obtained at resting HR and RA pacing at 80, 100, and 120 beats/min (Table 4) .
Resting echocardiographic measurements demonstrated that LVVed was similar between men and women, whereas LVVes tended to be smaller, yielding a higher EF in women, as has been observed by others (4). At resting HR, SV, CO, and the derived values of LV P ec , P ej , and P es were not significantly different between men and women. E es tended to be slightly higher in women, similar to LV ϩdP/dt max .
The second RA pacing run confirmed the steeper slope of the FFR in women by additional measurements of contractility (Fig. 1) . The increase in LV ϩdP/dt max induced by incremental RA pacing was reproducible and again steeper in women than men. The frequency-dependent increase in LV ϩdP/dt max /enddiastolic volume was significantly greater in women compared with men. Finally, the frequency-dependent increase in E es was also significantly greater in women.
The increases in E es were related to decreases in LVVed and SV ( Fig. 3) with RA pacing. The slope of the decline in LVVed was significantly steeper in women, and a similar trend was observed with respect to SV. As such, calculated CO increased with increasing HR in men, but in women the decline in SV appeared to offset the rise in HR, limiting HR-associated increases in CO significantly compared with men. As in the first pacing protocol, MAP increased slightly in both women and men. Given the limitation in HR-related increases in CO, TPR did not decrease in women as it did in men.
The mean measurements of P ec , P ej , P es , and LVEDP and the simultaneous acquisition of SV generated four points used to inscribe approximated LV pressure-volume loops at each HR for the men and the women (Fig. 4) . The change in the configuration of the pressure-volume loop with increasing HR was apparent in women, such that the area within the PV loop (or external mechanical stroke work) decreased with increasing HR. Quantitatively, calculated external stroke work declined with increasing HR more steeply in women. This occurred despite the observed greater increases in measurements of inotropy (LV ϩdP/dt max and E es ) in women.
DISCUSSION
In this model of frequency-stimulated LV function, responses of several determinants of LV chamber performance were significantly different between the men and women studied. The slope of the FFR was steeper for the women in this cohort compared with the men, as assessed by both LV ϩdP/dt max as well as the measure of E es . HR-associated increases in contractility were observed at the same time that LVVed (as well as SV) declined more precipitously in women, suggesting a sex-based difference in length-dependent force development. Measures of lusitropy also behaved differently between men and women in response to HR. Moreover, the balance of HR-related effects on LV pressure generation and filling was differentiated such that external mechanical stroke work was more negatively affected in women by increases in HR.
The inclusion and exclusion criteria specified ambulatory patients with chronic, usually atypical, chest pain syndromes who were clinically stable. This resulted in a population of women and men at an age relevant to the onset of cardiovascular disease, who were well matched for demographic variables and comorbid illness, with the exception that more of the women were obese. At resting HR, LV function and hemodynamic characteristics for the men and women were not significantly different. We observed a trend to increased systolic function in women as measured by LVSP, LV ϩdP/dt max , and E es . Measured E es for men and women in this study were quantitatively similar to that previously reported by Hayward et al. (12) who employed conductance catheter methodology to perform pressure-volume analysis. In their study, a preponderance of hypertension in the women studied tempered conclusions regarding intrinsic sex differences. Hypertension was less prevalent in our study although, as a catheterization cohort, comorbid conditions were unavoidable. Employing a different method of single-beat measurement of E es in a large community-based, cross-sectional investigation, Redfield et al. (22) documented higher end-systolic and arterial elastance in women with and without cardiovascular disease, interpreted as reflective of increased LV and arterial stiffness. The totality of evidence supports that higher systolic function, elastance, and/or stiffness is a characteristic of the female LV chamber in middle-aged and older adults (22) .
The current study examined whether sex differences also extend to the dynamic response of the LV chamber to an intervention that alters chamber performance. The FFR is considered an intrinsic mechanism by which contractility is augmented in response to increases in HR. Experimentally, the FFR has been described in humans (5, 10, 11, 16) as an in vivo index of Ca 2ϩ handling, given the predominant mechanism is increased Ca 2ϩ availability to the myofilaments. Preclinical data have suggested limitations to excitation-contraction cou- Values are means Ϯ SD. LVVed, LV end-diastolic volume; LVVes, left ventricular end-systolic volume; Pej, period of pressure from from isovolumic contraction to ejection; Pes, pressure at end systole; Ees, end-systolic elastance. *P Ͻ 0.01, effect of heart rate and †P Ͻ 0.05, interaction of sex and heart rate, 2-way repeated-measures ANOVA. For other abbreviations, see Table 2 .
pling in female mammalian animal models (3, 8, 21) . In our cohort, the women studied demonstrated a steeper slope of the FFR, reproducibly and using more than one index of contractility. We also observed a divergence in the pattern of isovolumic relaxation in response to HR. These data may suggest either intrinsic sex differences in Ca 2ϩ handling or, more likely, in the modulation of the excitation-contraction coupling.
LV ϩdP/dt max is a determinant of recoil or LV diastolic suction (15) . Thus, shortening of tau would be expected with HR-dependent increases in LV ϩdP/dt max , but a linear relationship between increasing contractility and shortening of relaxation was only observed in men in this study. Our findings suggest that lusitropic responses to HR were attenuated in women. Although early diastolic relaxation is challenging to assess (24), we observed consistent responses in women employing two separate methods to derive tau as well as by examining LV ϪdP/dt min . Interestingly, attenuation of HRdependent lusitropic responses have been observed in patients with heart failure with preserved EF (27) . Events in later diastole are influenced by LV diastolic stiffness, and it has been demonstrated that this may increase in women (25) , particularly with aging. Taken together, these findings would predict limitations to LV filling with increased HR in women. Indeed, we observed that both LVVed and SV decreased more steeply as shortening of diastolic filling time appeared to compromise preload to a greater degree in women. Limitation in LV filling with HR appeared to limit an HR-associated rise in CO in women. Our findings were consistent with the elegant work of Fu et al. (6) who demonstrated that SV was not as well maintained in women in response to unloading the heart with orthostatic stress. They concluded that sex differences in the control of cardiac filling were identifiable in healthy young adults. The current study appears to extend these findings to older women and men.
The coupling of higher ventricular-to-vascular elastance would predict increased sensitivity to preload changes and increased lability of blood pressure (2) . In younger adults, Fu et al. (6) demonstrated that unloading contributed to hypotension observed in women subjected to orthostatic stress. However, significant changes in blood pressure were not observed in either men or women throughout the RA pacing protocol in the current study. We did not examine higher fidelity measures of vascular function such as arterial characteristic impedance. Maintenance of stable blood pressure despite greater HRmediated decline in SV indicated that the TPR response to RA pacing was also different between women and men. We speculate that baroreflex activation was greater in women related to the decline in both SV and cardiac filling. A sympathetic mechanism may also contribute to our observation that the slope of the FFR was increased in women. It has been demonstrated in humans that the FFR can be modulated by the autonomic nervous system such that the slope is augmented by sympathetic stimulation (23) . This mechanism merits further exploration since we have recently demonstrated evidence that cardiac-specific sympathetic nervous system activation is increased in women compared with men (19) .
Our findings have clinical implications. Although changes in HR alone are a limited mechanism by which to increase CO (16), our study shows this limitation is more significant in women compared with men. Apparent limitations to cardiac filling and SV compromise external mechanical stroke work, which appears to negate the potential compensatory effect of HR-related contractile responses in women. As such, a limited repertoire of effective compensatory mechanisms may contribute to the vulnerability to hemodynamic instability observed in women suffering acute myocardial infarction (9, 14) . In this study, we attempted to avoid selection of patients with overt or a high likelihood of significant diastolic LV impairment, as in this patient population, compromised systolic and diastolic reserve in response to RA pacing is well established (16, 27) . Our findings suggest this phenotype extends to women with normal filling pressures and may provide insight into the Fig. 3 . Heart rate-related changes in left ventricular volumes. Changes in left ventricular end-systolic (LVVes) and end-diastolic (LVVed) volumes and stroke volume (SV) at resting heart rate and then right atrial pacing at 80, 100, and 120 beats/min. The decrease in left ventricular end-diastolic volume is steeper in women, yielding a trend to a steeper decline in stroke volume.
female predilection for this condition. Our data suggest that the spectrum of women with the potential to demonstrate hemodynamic limitations is broad. Finally, it is important to note that the hemodynamic phenotype we describe is likely overrepresented in, but not specific to, women.
A limitation inherent to studies of this nature is the relatively small sample size dictated by the methodology. This was apparent particularly with respect to the morphometric characteristics of the women studied, and further investigation of normal-weight older adults is warranted. Our findings provide complementary mechanistic insights that may account for observations made by larger population-based analyses. It should be stated that caution is required not to overinterpret our findings as reflective of intrinsic biological sex differences. We did not study healthy volunteers, although the men and women who participated were representative of a typical cardiovascular outpatient clinic. There are limitations to the assessment of ventricular volume by 2D echocardiography, particularly given the supine positioning of catheterization patients. We pursued pressure-volume analyses by a method that may be limited by several assumptions that are made regarding time-varying elastance within the cardiac cycle. Although a viable alternative was to utilize a conductance catheter (16, 20) , the acquisition of LV waveform and measurement of SV determined by Doppler-echocardiography are well suited to our multiple repeated-measures design. Furthermore, this method can be adapted for noninvasive application (7) .
In conclusion, we provide evidence that gender affects determinants of LV mechanical performance in an age group relevant to the onset of cardiovascular disease. Cardiovascular medicine often requires optimization of CO by manipulation of HR, preload, and/or contractile state, and the potential response of sex-specific hemodynamic phenotypes should be consid- Fig. 4 . Effect of heart rate of left ventricular pressure and volume. Analysis of the left ventricular pressure waveform and stroke volume using assumptions of time-varying elastance yields four points on an approximated pressure-volume loop. LVEDP, left ventricular end-diastolic pressure; Pec, pressure during isovolumic systole or early contraction; Pej, pressure during ejection phase; Pes, pressure at end-systole. The area inscribed within this approximated loop is an estimation of external mechanical stroke work (top left). The decline in external work with increased heart rate (HR) is greater in women (top right). Bottom: graphic depiction of changes in external mechanical stroke work (EW). Approximated pressure-volume loops are generated from the mean values for LVEDP, Pec, Pej, Pes, and stroke volume for men and women at resting heart rate and right atrial pacing at 80, 100, and 120 beats/min (bmin). See Table 4 for mean values and SDs of these measurements. ered. Our study provides support for ongoing initiatives to enroll sufficient numbers of men and women in cardiovascular clinical trials, particularly if sex-specific pathophysiology effects are suspected.
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